There is no difference among the surface areas films of differing pore sizes. Capacitances are due both surface charge compensation and intercalation processes. The best cycling performance was observed for Li þ /[BMMI][Tf 2 N] electrolyte. Oxide dissolution occurs in Li þ /[Et 2 OMMI][Tf 2 N] and Li þ /[BMMI][BF 4 ].
Introduction
Because of their advantageous properties, such as low flammability, negligible vapor pressure and high ionic conductivity [1] , ionic liquids (ILs) have been extensively studied for use as electrolytes in electrochemical devices such as lithium batteries [2e6] . In addition to these advantageous characteristics, ILs are stable throughout a wide electrochemical window, which is extremely important given that energy and power density are strongly affected by cell voltage.
Another advantage of ILs is their potential to combine several cations and anions, thus making it possible to modify the ILs' properties according to the desired particular applications [7] . However, in spite of attempts to understand the relationship between structure(s) and properties, it is still a considerable challenge to determine which IL is the best suited electrolyte for a given system.
Some studies have demonstrated the use of ILs as electrolytes in electrochemical capacitors [8e10] . In contrast to lithium batteries, in which charge compensation is primarily obtained via the Li þ ions provided by the salt added to the IL, in electrochemical capacitors the ions from the IL itself can take part in this process, which typically occurs at the surface of the electroactive material. Recently, Li and co-workers have demonstrated that adding small ions such as Na þ , H þ and Cl -, thereby providing electroactive sites that are unavailable via the more voluminous ions in the IL, can improve the capacitance in systems containing manganese oxide as the electrode material and an IL as the electrolyte [11] .
Due to its high theoretical capacitance and low cost, manganese oxide was widely studied for use in supercapacitor [12, 13] . However, due its relatively poor experimental capacitance (compared to theoretical values), most recent work involved synthesizing materials with increased surface areas to increase their electrochemical performance [14e17]. Among others strategies, electrodeposition of films around a colloidal crystal template was suggested as a good alternative for producing macroporous materials with high surface areas [18e20] . Initial studies regarding template-assisted electrodeposition of macroporous manganese oxide employed polystyrene spheres was done, and the resulting film was electrochemically characterized using aqueous electrolytes [21, 22] . However, only one sphere size was used in these studies; therefore, there was no investigation or discussion regarding the effect(s) of pore size on electrochemical performance.
Based on these assumptions, the goals of the present contribution are both to study the influence of pore size on capacitive behavior of manganese oxide films as well as the influence of physicoechemical nature of different ionic liquids on the electrochemical performance of manganese oxide macroporous films.
Experimental

Syntheses of ILs
Ionic liquids were prepared and purified according to procedures described in previously published studies. The procedures used are shown in Table 1 and their cations and anions structures are showed in Fig. 1 .
In general, after the imidazole compound was reacted with the longer chain bromide to give the IL cation bromide, an ionic exchange reaction with the desired anion was performed. After synthesis, the water content of each IL was measured via Karl-Fischer titration with a Metrohm e 831 KF Coulometer; a value between 200 and 1000 ppm was obtained in all cases.
Preparation of manganese-oxide macroporous films
A scheme presenting the preparation of manganese oxide macroporous films is presented in Fig. 2 .
Assembly of polystyrene spheres over a gold substrate
Aqueous suspensions (10% (w/w)) of polystyrene nanospheres with differing diameters (300, 460, 600 and 800 nm) were diluted to 0.5% using Triton-X 100 aqueous solutions of differing concentrations (depending on the sphere sizes used). Three 10-mL aliquots of the obtained suspensions were placed (via micropipette) on the substrate, which consisted of the gold surface of a 6 MHz, AT-cut, overtone polished, piezoelectric quartz crystal (Valpey-Fisher) with a diameter of 25 mm and a piezo-active electrode area of 0.31 cm 2 (integral sensitivity factor, K ¼ 6.45 Â 10 7 cm 2 Hz g À1 [26] . The surfactant used was important to ensure homogeneous assemblage of the polystyrene spheres over the substrate. After each 10 mL aliquot application and prior to the subsequent application, the gold surface was slowly dried at room temperature in a saturatedhumidity atmosphere. After the last aliquot was applied and the surface was dry, the deposits obtained were submitted to thermal treatment at 100 C for varying times, depending on the particular sphere size employed. The Triton-X 100 concentrations and thermal treatment times for each sphere size are given in Table 2 .
Electrodeposition of manganese oxide around the polystyrene spheres
Manganese-oxide films were obtained via oxidation (at a constant voltage) of 2 mmol L À1 MnSO 4 þ 50 mmol L À1 LiClO 4 aqueous solution (as electrolyte) [27] . Immediately prior to electrodeposition, the substrate containing the polystyrene template was immersed in the electrodeposition solution for 1 h to completely swell the voids among spheres within the electrode. Electrodeposition was obtained by applying 1 V (vs. an Ag/AgCl/KCl sat reference electrode) and increasing the charge until it reached 180 mC cm À2 (using an Autolab PGSTAT 30 potentiostat). After the electrochemical process was complete, the substrate containing the MnO 2 deposit was rinsed with deionized water and dried with N 2 gas.
To remove the polystyrene template, the electrode was immersed in tetrahydrofuran, which was then stirred for 45 min, after which the electrode was washed with ethanol and dried under N 2 flow. The mass of the electrodeposited material was obtained by measuring the resonance frequency of the quartz crystal before the deposition of polystyrene spheres and after their removal. Frequency shifts were measured using a Stanford Research Systems Model SR620 instrument connected to an oscillating circuit (serial mode) and a microcomputer for data acquisition. Complete removal of polystyrene spheres from the manganese oxide film was confirmed via FESEM using a Jeol microscope, model JSM-7401F. 
Manganese oxide powder characterization
Manganese-oxide powder was obtained using the same electrochemical conditions employed to produce macroporous films but in the absence of spheres templates. The electrodeposited material was scratched from the electrode and characterized by X-ray diffraction and thermogravimetric analyses using Rigaku Miniflex equipment and TA instruments (TGA2950 equipment), respectively.
Morphologic characterization of macroporous films
The films obtained were analyzed via field emission scanning electron microscopy (FESEM). For thickness measurements, the substrate containing the macroporous film was immersed in liquid nitrogen, fractured and placed in a vertical position to obtain crosssectional images.
Electrochemical characterization
Macroporous films with different pore sizes were electrochemically characterized via cyclic voltammetry using a Autolab PGSTAT 30 potentiostat. An organic solvent and several IL electrolytes were used, as described in Table 3 . For comparison, electrochemical characterization was also performed in [BMMI][Tf 2 N] without the addition of lithium salt.
All experiments were performed in a three electrode cell using an Ag wire and a Pt mesh as the pseudo-reference and counter electrodes, respectively. Voltammetric studies of ILs containing ferrocene (as the internal reference) were previously performed to define the potential window. The electrochemical cell was kept inside a glove box (MBraun) under argon atmosphere with O 2 and H 2 O contents below 1 ppm during measurements.
Results and discussion
Characterization of manganese oxide powder
The oxide powder was characterized using XRD and TGA. The results are disclosed in Fig. 3 . According to the XRD data previously reported by Nakayama et al. [27] , after thermal treatment at 80 C for 3 h and then X-ray photoelectron spectroscopy (XPS), the manganese oxide obtained via the present methodology possesses a birnessite structure and its molecular formula is
In the present study, no preliminary thermal treatment was performed, which explains the amorphous material observed via XRD (Fig. 3a) . The unique peak obtained at approximately 37 is ascribed to the glass substrate over which the manganese oxide powder was deposited for the measurements. Regions 1 and 2 in the TGA graph ( Fig. 3b ) are due to losses of physically and chemically bonded water, respectively [28] , corresponding to a mass loss of approximately 27%. This value is higher than the mass of water lost (17%) under the experimental conditions of the previous work. This difference in the mass of water lost likely results from the absence of thermal treatment in the present work. Subsequent mass losses occur when the manganese oxide structure changes to Mn 2 O 3 and Mn 3 O 4 [28] .
Assembly of polystyrene spheres over gold substrate and the electrodeposition of manganese oxide
The conditions under which polystyrene spheres are assembled are of great importance with regard to achieving a suitable template for subsequent electrodeposition [29e31]. Based on the hydrophobic/hydrophilic nature of the substrate and on the size the polystyrene spheres employed, the surfactant concentration must be tuned to achieve uniform templates [32] . Whether a good template for electrodeposition is obtained also depends on the thermal treatment time. Thermal treatment at slightly above glasstransition temperature causes the formation of linkages among nanospheres, thereby avoiding their detachment during the subsequent step in which the substrate is immersed in the electrodeposition solution.
To determine the mass of the electrodeposited manganese oxide films, the resonance frequency of the quartz crystal was measured (using the QCM) both before the template was assembled and after its removal with THF. The frequency shifts measured were converted to mass values using the Sauerbrey equation [33] . Regardless of the sphere diameter(s) used, the masses of the films were always around 100 mg cm À2 . Fig. 4 presents FESEM images of the different films. It is extremely important to control charge deposition during macroporous-film syntheses using the methodology developed herein. If the charge deposition is too high, the material deposition will cover the template, causing blockage of electrolyte access to pores. For the present system, a suitable charge of 180 mC cm À2 was determined via FESEM analyses of films obtained using different charge deposition values. By monitoring the suitable charge, it was possible to obtain macroporous films of manganese oxide with pore sizes approximately equal to the diameters of the spheres employed as the template(s). The expanded image (inset in Fig. 4b ) shows that the pores are interconnected throughout the film area and thickness and that spandrels (triangular gaps that appear in the film walls, depending on interaction(s) between material precursors and polystyrene spheres) are absent [34] This feature is extremely important because the connection among the pores guarantees access of the electrolyte (through the pores) to the entire film (without defects), thereby improving the material's electrical conductivity. The distance between two adjacent pores -i.e., the thickness of the manganese oxide wall between two adjacent pores -was measured for films with different pore sizes. At least 30 measurements were obtained for each film, and the average values were compiled in Fig. 5 and the bars represent the standard deviation in distance between two adjacent pores in the 30 measurements; this variation was approximately 20% in all cases. As expected, the graph indicates that the wall between two adjacent pores increases with increasing pore diameter.
Film thicknesses were measured by "cross-section" using FESEM. At least 25 measurements were obtained for each sample. Fig. 6 shows a FESEM image of a film containing 600 nm pores ( Fig. 6a ) and presents the average thickness as a function of pore diameter (Fig. 5b) . The standard deviation bars assigned to each macroporous film thickness value are relatively constant for all pore sizes, varying between 10 and 20% of the average value. Fig. 6b indicates a tendency toward increasing thickness with increasing pore size. Considering that independent on the polystyrene spheres' diameter, the volume available for oxide deposition is the same in all cases (the polystyrene spheres always occupy approximately 48% of the total volume), it is reasonable to conclude that the thickness is also the same (in all cases) once equivalent amounts of material are deposited. Thus, the slight increase in film thickness observed with increasing sphere size can most likely be attributed to differences in manganese oxide density when it is deposited around the polystyrene template or over material that has already been deposited in the voids (given that the former is more compact than manganese oxide deposited over itself).
The surface area of macroporous films can be estimated based on equation (1) [19, 35] :
where f is the enhancement factor with respect to the massive film and n is the film thickness/pore size ratio. Calculated n and f values are disclosed in Table 4 . These values clearly show that once the film with pores of 300 nm is excluded, there is virtually no difference among the surface areas of macroporous films of differing pore sizes.
Electrochemical characterization
First, the influence of pore size on electrochemical performance was investigated by cyclic voltammetry in organic-solvent-based electrolyte (Supplementary material, Figs. 1s, 2s, 3s and 4s ). For each macroporous film with different pore sizes, capacitance values as a function of scan rate were calculated using equation (2), and the results were compiled in Fig. 7 .
where Q is the discharge charge calculated via integration of the negative-current-as-a-function-of-time curve, EW is the potential window, usually it is shown C normalized by the mass of deposited manganese oxide. The data obtained demonstrate that, independent of pore size, the capacitance continuously decreases with an increasing scan rate (Fig. 7a ). As previously observed for manganese oxide [36] , this behavior is consistent with systems with capacitances that are determined by surface charge compensation as well as by intercalation processes, the latter of which are affected by the scan rate. When the surface charge compensation is the only (or the predominant) process involved, as is the case for manganese oxide macroporous films obtained via oxidation of KMnO 4 in aqueous electrolyte containing lithium salt (previously studied and reported by this laboratory) [22] , the scan rate has little to no influence. The pronounced decrease in capacitance with increasing scan rate observed in the present work indicates that the main process contributing to the capacitance involves the intercalation of ions into the manganese oxide structure. In addition to the effect of scan rate on capacitance, the results presented in Fig. 7a show that with the exception of the 300-nm macroporous film, capacitance increases with decreasing pore size only at low scan rates. These observations can be explained as follows. As shown in Table 4 , the surface areas are similar for macroporous films with 460, 600 and 800 nm when they all have the same values of f and n. In addition, as shown in Fig. 4 , the distance between two adjacent pores increases with increasing pore size. Based on this observation, one can assume that for the same surface areas, pore size will have no effect on capacitance at high scan rates, when the charge compensation process is mainly superficial. At low scan rates, intercalation through the manganese oxide structure becomes more important because intercalation is negatively affected by the increase in wall thickness associated with increasing pore size. The effect of the higher surface area of the 300-nm macroporous film is clearly observed in that the capacitance values are higher than those of the other macroporous films in all range of scan rates studied. In fact, if the capacitance values are normalized with respect to f (Fig. 6b) , the values at scan rates as high as 250 mV s À1 are the same, independent of pore size. With decreasing scan rate, the normalized values for the 300-nm film become increasingly lower than those for the other films, supporting the tendency toward an increasing intercalation-process effect (once both superficial and intercalation contributions are divided by the factor f). However, only the superficial contribution is actually affected by surface area, as indicated by the lower value of C/f, regardless of how high the intercalation contribution becomes.
To study the electrolytic behavior of the different ILs considered herein, films with 460-nm pore diameters were used. Propylene carbonate-based electrolyte was used as a reference. Cyclic voltammetry was performed at 0.04 V s À1 , and the results are compiled in Fig. 8 . With the exception of the macroporous film in Li þ /[BMMI][Tf 2 N], which presented defined oxidation/reduction peaks in addition to capacitive behavior, all the voltammograms exhibited a predominantly near-rectangular shape. In previous work reported by Nam et al. [37] , voltammograms of thin manganese oxide films obtained by electrochemical oxidation of MnSO 4 presented defined oxidation and reduction current peaks when performed in Li þ /PC, while a typical rectangular voltammogram shape was observed when aqueous KCl solution was used. Thus, it appears that the electrochemical behavior of thin manganese oxide films depends on the electrolyte used. In the Nam case, the difference was attributed to more facile and reversible Li þ intercalation (compared to K þ from the aqueous electrolyte). When lithium salt is dissolved in ionic liquids, Li þ ions form ionic aggregates with ionic liquid anions, and the number and nature of these aggregates depends on the ionic liquid structure [24] . On this basis, the presence of redox peaks in voltammograms obtained for macroporous films in Li þ /[BMMI][Tf 2 N] can be explained by better diffusivity (through the manganese oxide film) of the ionic aggregate formed in this ionic liquid.
The electrochemical stabilities of systems containing different electrolytes were determined using cyclic voltammetry. The discharge capacitance as a function of the number of cycles is presented in Fig. 9 . The results clearly show that depending on the electrolyte employed, the capacitance values trend differently with cycling. When Li þ /PC or Li þ /[BMP][Tf 2 N] are used, the capacitance decreases abruptly within the first 10 cycles, after which it increases, reaching a maximum value at the 20th or 40th cycle, respectively. Beyond this, the capacitance maintains a constant decrease until at least the 1,000th cycle, achieving 40% and 57% of the initial capacitance for the IL and for the organic solvent-based electrolyte, respectively. Although similar behaviors were observed for both electrolytes, the system containing the Li þ /PC electrolyte exhibited a higher initial capacitance as well as greater capacitance retention. The worst performances were observed for Li þ /[Et 2 OMMI][Tf 2 N] and Li þ /[BMMI][BF 4 ] electrolytes, in which capacitance values decreased drastically to values close to zero after 200 and 50 cycles, respectively. In these electrolytes, dissolution of manganese oxide into the electrolyte was observed visually. The best performance was observed for the system containing Li þ /[BMMI][Tf 2 N], where a constant increase in capacitance value was observed until the 700th cycle, after which it achieved the highest value among all electrolytes investigated and remained constant until at least the 1,000th cycle.
These results deserve further consideration based on electrolyte properties and voltammetric behavior. For the systems containing Li þ /[BMP][Tf 2 N] and Li þ /PC electrolytes, the initial capacitance decay can be associated with irreversible faradaic reactions. In fact, the broad current peaks observed in the first cycles ( Fig. 8 , full green square and full red triangle) that can be associated with faradaic reactions disappear after a few cycles (results not shown). The subsequent increase in capacitance is most likely related to an increase in macroporous film wettability, after which the subsequent fall in capacitance (with continued cycling) is most likely caused by film passivation or dissolution, which persists at least until the 1,000th cycle. The product Mn 2þ is soluble in the electrolyte. This reaction is favored when H þ traces are present in the electrolyte [38, 39] . Given that [BMMI] [BF 4 ] is prepared from HBF 4 and is a hydrophilic IL, it is likely that proton traces are present that can cause the dissolution of manganese oxide when this IL is employed as an electrolyte. However, dissolution in [Et 2 OMMI][Tf 2 N] is most likely caused by the presence of an ether chain in the IL cation. These ether chains could coordinate with Mn 2þ ions and form stable complexes with chelating compounds [40] . The ether chains from different IL cations can most likely form structures similar to crown ethers, thereby stabilizing Mn 2þ in solution.
In terms of capacitance retention, the best performance was observed when Li þ /[BMMI][Tf 2 N] was used as the electrolyte. This behavior can be attributed to (1) increased wettability with cycling as well as (2) lower solubility of electrode material in the electrolyte. In fact, after 600 charging/discharging cycles, the capacitance achieved higher values than those obtained with the organic solvent system. Clearly, the use of manganese oxide in electrochemical systems is severely limited by issues involving its dissolution [41] , which is obviously more pronounced when nanostructures of high surface films are employed. Early studies have shown that this problem can be solved, or at least minimized, by using additives in the electrolyte [42] or via recovery using electroactive nanoparticles [43] . The results presented herein indicate that it is also possible to eliminate, or minimize, the dissolution of electrode material by employing a suitable IL as the electrolyte.
Initial discharge capacitances, calculated from charge obtained from the first cycle of the correspondent voltammograms, vary as follows: Li Fig. 10 . In both pure ILs and mixtures with lithium salt, the capacitance is observed to decrease with increasing scan rate, providing evidence that an intercalation process is occurring in the IL. From 10 mV s À1 e250 mV s À1 , the capacitance decreases to 61% in Li þ /[BMMI][Tf 2 N], similar to the behavior observed in Li þ /PC (62% e Fig. 7) . However, the capacitance is significantly lower when lithium salt is absent because then only the voluminous ions from the ionic liquid are taking part in the charge compensation process. The difference in capacitance values is significant, even at scan rates as high as 250 mV s À1 , which is an important result with regard to the applicability of the methods herein to the development of electrochemical capacitors.
Compared to aqueous electrolytes, the wide electrochemical window in which both [BMMI][Tf 2 N] and PC are stable should allow the employment of larger operational voltages, which can contribute to increases energy densities. To verify this hypothesis, the operational electrochemical window was increased to 1.5 V (from À0.5 to 1.0 V vs. Ag). The results obtained for the 800 nm (pore size) macroporous film are summarized in Fig. 11 as an example. This specific potential window was chosen based on manganese oxide oxidation/reduction behavior, once increasing the working electrochemical window did not significantly increase the capacitance. As shown by the voltammograms obtained with reduced potential windows ( Fig. 8) , the systems present predominant capacitive behavior, with broad oxidation/reduction peaks. Similar profiles were obtained for macroporous films with different pore sizes in both electrolytes (results not shown). Although the capacitance increases were not significant, increasing the potential window offers greater advantages with regard to energy density once the potential difference represents the electromotive force of the process (i.e., how "intense" the movement of charged species is) [44] . The energy densities of systems with different pore sizes and potential windows at 10 mV s À1 were calculated using equation (4), and the results obtained were compiled in Fig. 12 .
where C is the capacitance and V is the electrochemical window. The positive influence on energy density resulting from enlargement of the potential is clearly observed in the results obtained using both electrolytes, with improvements of up to 75% in the system using the 300-nm macroporous film and Li þ /[BMMI] [Tf 2 N] as the electrolyte.
The results presented in this study clearly demonstrate the necessity, for any given system, of characterizing and choosing the most suitable IL-based electrolyte to obtain the best performance in terms of capacitance and electrochemical stability throughout successive charge/discharge cycles. The results obtained using Li þ /[BMMI][Tf 2 N] as the electrolyte are interesting, especially when one considers the capacitance values presented in the few published studies regarding the use of manganese oxide films and ILbased electrolytes in supercapacitors [9, 45] . Thus, more studies are clearly warranted in this promising field.
Conclusions
Macroporous films of manganese oxide were produced by electrodeposition over templates composed of polystyrene spheres with different diameters. With the exception of the 300-nm (pore diameter) film, films with similar surface areas were obtained independent of sphere size when the same amount of material was deposited. The macroporous films obtained were electrochemically characterized by cyclic voltammetry in four different ILs and in propylene carbonate-based electrolytes. The electrochemical behavior of each film, particularly regarding stability throughout successive charge/discharge cycles, was strongly affected by the physicoechemical nature of the IL used. The best performance was obtained when Li þ /[BMMI][Tf 2 N] was used as the electrolyte; in this case, the capacitance increased until the 700th cycle and then remained constant until at least the 1,000th cycle, achieving values higher than the those obtained when the electrolyte was organicsolvent based. Even at scan rates as high as 250 mV s À1 , adding lithium salt to the system caused higher capacitance values, an important consideration with regard to this method's application as an electrochemical capacitor. Widening the electrochemical window to 0.6 V increased the energy density as much as 75%; values as high as 115 Wh kg À1 were obtained at 10 mV s À1 for the 300 nm (pore diameter) film in Li þ /[BMMI][Tf 2 N] (as electrolyte). This result, together with the excellent stability throughout cycling under these conditions, makes this system a promising electrochemical capacitor. 
